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Tourette syndrome (TS) is a childhood-onset neurological disorder characterised by the 
occurrence of motor and vocal tics and the presence of premonitory sensory/urge phenomena. 
Functional neuroimaging studies in humans, and experimental investigations in animals, have 
shown that the genesis of tics in TS involve a complex interaction between cortical-striatal-
thalamic-cortical brain circuits and additionally appears to involve the cerebellum. 
Furthermore, structural brain imaging studies have demonstrated alterations in grey matter 
(GM) volume in TS across a wide range of brain areas, including alterations in GM volume 
within the cerebellum. Until now, no study to our knowledge has yet investigated how GM 
structural covariance networks linked to the cerebellum may be altered in individuals with TS. 
In this study we employed voxel-based morphometry, and a ‘seed-to-voxel’ structural 
covariance network (SCN) mapping approach, to investigate alterations in GM cerebellar 
volume in people with TS, and alterations in cerebellar SCNs associated with TS. Data from 
64 young participants was entered in the final analysis, of which 28 had TS while 36 were age-
and sex-matched healthy volunteers. Using the spatially unbiased atlas template of the 
cerebellum and brainstem (SUIT) atlas, we found reduced GM volume in cerebellar lobule 
involved in higher-order cognitive functions and sensorimotor processing, in patients. In 
addition, we found that several areas located in frontal and cingulate cortices and 
sensorimotor network in addition to subcortical areas show altered structural covariance with 
our cerebellar seed compared to age-matched controls. These results add to the increasing 
evidence that cortico-basal ganglia-cerebellar interactions play an important role in tic 
symptomology. 
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2. Introduction 
Human brain imaging studies have identified a number of functional brain networks, often referred 
to as ICNs (intrinsic cortical networks) that reflect correlated brain activity across anatomically 
separate brain areas. Recent evidence indicates that these networks are dominated by common 
organizational principles and stable individual features, and largely reflect enduring individual 
characteristics, including the status of brain health conditions (Gratton et al., 2018). Similarly, 
neuroimaging studies have repeatedly demonstrated covariance of cortical thickness or grey 
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matter (GM) volume over widespread, distributed, brain regions, and these structural covariance 
networks (SCNs) have been shown to be highly heritable and to reflect differences in age and 
disease status (Alexander-Bloch, Giedd, & Bullmore, 2013). Importantly, it has been proposed 
that structural covariance between brain regions may reflect brain areas that are functionally co-
active; reflect common patterns of maturational change - including shared long-term trophic 
influences; shared patterns of gene co-expression (Romero-Garcia et al., 2018; Zielinski, 
Gennatas, Zhou, & Seeley, 2010); and are selectively vulnerable to specific brain health 
conditions (Seeley, Crawford, Zhou, Miller, & Greicius, 2009). In support of this, recent studies 
have demonstrated that SCNs closely mirror the functional ICNs revealed using resting-state 
functional magnetic resonance imaging [fMRI] (C. Kelly et al., 2012; Seeley et al., 2009) and co-
degenerate in distinct human neurodegenerative conditions (Cauda et al., 2018; Seeley et al., 
2009). 
This suggests that analysis of SCNs, while currently under-utilised to study brain networks in 
neurodevelopmental conditions, may be a particularly useful method for investigating alterations 
in brain network development in children and adolescents for whom the use of conventional fMRI 
approaches is especially challenging. In this study we chose to investigate specifically how 
cerebellar SCNs may be altered in children and adolescents with Tourette syndrome relative to a 
group of age- and gender-matched typically developing individuals. 
Tourette syndrome (TS) is a common neurological disorder of childhood onset that is 
characterised by the occurrence of vocal and motor tics, and has been associated with alterations 
in the balance of excitatory and inhibitory signaling within cortical-striatal-thalamic-cortical brain 
circuits that are implicated in movement selection and habit learning (Albin & Mink, 2006); 
impaired operation of GABA (inhibitory) signaling within the striatum and cortical motor areas 
(Gilbert et al., 2004; Kalanithi et al., 2005; Lerner et al., 2012; Orth, Münchau, & Rothwell, 2008; 
Orth & Rothwell, 2009); and hyper-excitability of limbic and motor cortical regions of the brain that 
may contribute to the occurrence of tics (Heise et al., 2010; Vaccarino, Kataoka, Yuko, & 
Lennington, 2013). Nonetheless, there is now increasing evidence to indicate that the cerebellum 
may play a key role in the pathogenesis of TS and particularly in the release of tics. 
The cerebellum occupies only approximately 10% of the total brain volume and contains nearly 
half of the total number of neurons in the brain (Ramnani, 2006). It is separated into three 
divisions: the anterior lobe consisting of lobules I-V, the posterior lobe consisting of lobules VI-IX 
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(lobule VII includes Crus I and lobule VIIb), and the flocculonodular lobe, consisting of lobule X 
(Stoodley & Schmahmann, 2010). The cerebellum has long been considered to play a central role 
in the efficient control of movements and in motor learning. Cerebellar damage leads to 
impairments in motor control and posture, and many efferent projections from the cerebellum are 
directed to the brain motor system. More recently, however, the cerebellum has also been linked 
to a variety of non-motor domains including: vestibular and somatosensory function, cognition, 
and working memory (Buckner, Krienen, Castellanos, Diaz, & Yeo, 2011; Stoodley & 
Schmahmann, 2009, 2010).  
Human neuroimaging studies have confirmed that the cerebellum may play a key role in the 
execution of tics in TS. Functional magnetic resonance imaging (MRI) and positron emission 
tomography (PET) studies that have investigated brain activity that immediately precedes, or 
coincides with, the execution of tics in TS, have repeatedly demonstrated that the cerebellum 
appears to contribute to tic release (Bohlhalter et al., 2006; Lerner et al., 2007; Neuner et al., 
2014). Support for this proposal also comes from a very convincing ‘striatal disinhibition’ animal 
model of TS, that has demonstrated that micro-injection of GABA antagonists within the striatum 
can produce tic-like movements in experimental animals (Bronfeld, Yael, Belelovsky, & Bar-Gad, 
2013; McCairn, Bronfeld, Belelovsky, & Bar-Gad, 2009), that are accompanied by the abnormal 
discharge of cerebellar neurons that immediately precede the release of the tic-like movements 
(McCairn, Iriki, & Isoda, 2013). Based upon this evidence, it is proposed that the cerebellum may 
play a specific role in the release of tics (Bohlhalter et al., 2006; Bronfeld et al., 2013; McCairn et 
al., 2013). 
Whole-brain PET imaging studies have reported altered metabolic function of the cerebellar 
cortex in TS that is characterised by increased resting metabolic activity (Pourfar et al., 2011) and 
increased GABA-A receptor binding within the cerebellum (Lerner et al., 2012). In addition, MRI 
studies have demonstrated alterations in GM structure within the cerebellum of individuals with 
TS relative to a group of matched controls (Tobe et al., 2010). Specifically, it was reported that 
GM volume in Crus I and lobules VI, VIIb and VIIIa, were reduced bilaterally in the TS group 
relative to a matched control group. Furthermore, vocal tic severity was found to predict reduced 
GM volume in both Crus I and lobule VI (Tobe et al., 2010). 
Taken together, the above evidence indicates that it may be important to investigate further the 
potential contribution of the cerebellum to the release of tics and to the pathophysiology of TS 
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more generally. In this study we use voxel-based morphometry techniques together with seed-
based structural covariance analysis methods to investigate: (i) structural alterations in targeted 
cerebellar lobules (i.e., VI, VIIb and VIIIa and Crus I), based upon the study by Tobe and 
colleagues (2010) relative to a matched group of typically developing individuals; and (ii) 
alterations in cerebellar structural covariance networks in the TS group relative to controls. 
3. Methods 
This study was reviewed and approved by the Nottingham Healthcare foundation trust and the 
Nottingham Research Ethics committee 1 [Nottingham REC 1]. Written informed consent was 
acquired from all participants and where appropriate from their parents/caregivers. No part of our 
study procedures or study analyses were pre-registered prior to the research being conducted. 
We report how we determined our sample size, all data exclusions, all inclusion/exclusion criteria, 
whether inclusion/exclusion criteria were established prior to data analysis, all manipulations, and 
all measures in the study. Finally, due to the conditions of our ethical approval, we are unable to 
archive individual MRI, clinical biographical data or analysis code under public domains because 
the data and code contain information that could identify patients. For this reason, MRI, clinical 
biographical data or analysis code cannot be shared with anyone outside of the research team 
identified in our ethical approval. There are no other conditions. 
3.1. Participants 
In total, 76 volunteers took part in this study. 39 had a confirmed diagnosis of TS (TS group) and 
37 were closely age- and sex-matched typically developing individuals with no history of 
neurological disorders. These volunteers formed our control group (CS group). 10 patients with 
TS had confirmed or suspected clinical diagnosis of a co-occurring condition in addition to their 
TS (2 attention deficit/hyperactivity disorder [ADHD]; 2 obsessive-compulsive disorder [OCD] and 
6 autism spectrum disorder [ASD]). 10 patients were medicated at the time of scanning. Group 
characteristics are reported in Table 1. Patients were recruited either from the Child and 
Adolescent Psychiatry Clinic at the Queens Medical Centre in Nottingham or by advertising 
through the Tourettes Action charity or regional TS support groups. The CS group were recruited 
from local schools, by local advertising, and recruitment at science fairs. All volunteers were 
provided with a small inconvenience allowance for their participation. 
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3.2. Diagnosis, symptom severity and screening 
Diagnosis of TS was confirmed by an experienced clinician. Participants recruited outside of the 
Nottingham area were required to supply information on their condition from their GP or clinical 
specialist. These participants were also asked to supply information about any other relevant 
diagnoses and currently prescribed medication. 
In addition, all participants underwent comprehensive screening for current symptoms of TS by a 
highly experienced and trained research nurse. Measures of the current severity of tics were 
obtained using the Yale Global Tic Severity Scale (YGTSS) (Leckman et al., 1989). The YGTSS 
is a semi-structured clinician-rated measure assessing the nature of motor and vocal tics present 
over the past two weeks. The YGTSS consists of three subscales: impairment rating, motor tic 
rating and vocal tic rating. The current frequency and severity of premonitory sensory/urge 
phenomena [PSP] was measured using the Premonitory Urge for Tics Scale (PUTS) (Woods, 
Piacentini, Himle, & Chang, 2005). The PUTS is a self-report measurement where items assess 
the intensity and frequency of PSP (on a scale of 1 – 4). 9 of the 10 items on the PUTS scaled 
were scored based on recommendation, and thus scores could range from 9 to 36 (Woods et al., 
2005). Participants were screened for any indication of symptoms of ADHD, OCD and Autism 
using the Connors-3 Parent Report (Conners, 2008), Children’s Yale-Brown Obsessive-
Compulsive Scale (CY-BOCS) (Scahill et al., 1997) and Social Communication Questionnaire 
(SCQ) (Berument, Rutter, Lord, Pickles, & Bailey, 1999), respectively. Based on these measures, 
a further eight patients were categorised as a high risk of having OCD and/or ADHD. All 
participants also completed the Wechsler’s Abbreviated Scale of Intelligence (WASI-II) 
(Wechsler, 1999) used to assess intellectual ability. Two subtests were used (the verbal and 
performance subtests). Participants were excluded from the study if their WASI score was < 70. 
3.3. MR image acquisition 
Whole-brain, high-resolution, T1-weighted structural MRI brain images were acquired for each 
participant. Scanning was conducted at the Sir Peter Mansfield Imaging Centre (SPMIC), 
Nottingham, UK using a 3T Philips Achieva MRI scanner with a 32-channel SENSE head-coil and 
running a MPRAGE sequence (180 contiguous axial slices, 8.1 ms repetition time [TR], 3.7 ms 
echo time [TE], 256 x 224 x 180 matrix size, flip angle 8°, 1x1x1 mm raw voxel size and scan 
duration of 225 seconds). Prior to acquisition, participants were asked to lie as still as possible 
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with their eyes open. Foam padding was added for extra stability and to reduce head movements. 
All participants wore also noise-cancelling headphones. 
3.1. Regions-of-interest 
In our study, our voxel-based morphometry [VBM] voxel-wise comparison of local GM cerebellar 
volume was based on the freely available human cerebellum template and probabilistic atlas 
[SUIT] (Diedrichsen, 2006; Diedrichsen, Balsters, Flavell, Cussans, & Ramnani, 2009). The SUIT 
atlas contains 13 bilateral regions of the cerebellum (lobules I-IV, V, Crus I and Crus II, VIIb, VIIIa, 
VIIIb, IX, X, dentate, interposed nucleus and fastigial nucleus) and vermis containing 8 regions. 
Based on the SUIT atlas we chose, a priori, six regions of interest (ROI) which were combined 
into a single binary mask consisting of non-zero elements defining our ROIs which was then 
entered as an explicit mask in our VBM analyses. These ROIs (depicted in Figure 1) consisted 
of: the bilateral Crus I; and lobules VI; VIIb; and VIIIa, and were chosen based upon their 
prominent role in sensorimotor processing (Stoodley & Schmahmann, 2009, 2010),  their 
identified role and in tic genesis and execution (Bohlhalter et al., 2006; Lerner et al., 2007; van 
der Salm et al., 2018), and previously reported differences in previous studies in TS using 
volumetric measures (Tobe et al., 2010). 
 
 
Figure 1. ROIs used in our study: bilateral Crus I and Lobules VI, VIIb and VIIIa. The left image 
demonstrates our chosen ROIs on a flatmap, whereas the right image demonstrates our ROIs rendered on 




3.2. Isolation of the cerebellar cortex 
Raw structural T1-w MRI scans were first oriented to have the origin lying on the AC-PC line using 
an automated registration process in MATLAB (v. R2017b, The MathWorks Inc., Natick MA, 
USA). Successful orientation was assessed manually using the ‘Display’ function in SPM12 
(Wellcome Trust Centre for Neuroimaging; http://www.fil.ion.ucl.ac.uk/). All scans were initially 
preprocessed using the Computational Anatomy Toolbox (CAT12; http://www.neuro.uni-
jena.de/cat/, v.6). CAT12 implements a retrospective quality assurance framework for easy 
quantification of quality of brain images. Each image rated is given a nominal letter from A+ 
(excellent) to F (unacceptable) by the software to indicate overall quality of the image. All images 
rated as excellent or good (A+ to B-) were classified as ‘high’ quality; satisfactory or sufficient (C+ 
to D-) as ‘acceptable’ quality; and critical or unacceptable (E+ to F) as ‘poor’ quality. All images 
classified as ‘poor’ were excluded and the ‘acceptable’ category was then subjected to further 
careful scrutiny and accepted or rejected as appropriate by the first author (H.P.S). 
Using the SUIT toolbox (http://www.diedrichsenlab.org/imaging/suit.htm) the infratentorial 
structures (i.e., cerebellum and brainstem) were isolated from surrounding tissue and segmented 
into GM and WM tissue classes using the suit_isolate_seg function. The isolated GM maps 
were inspected visually for any ‘leakage’ or misclassification and subsequently corrected as 
necessary. The segmented images showing infratentorial structures were inspected for image 
quality using MRIcron (https://www.nitrc.org/projects/mricron). Segmented images were 
normalised to a specific SUIT template using DARTEL (Ashburner, 2007). The segmented and 
normalised images were resliced into SUIT space using the generated flowfield and affine 
transformations. The images were modulated to account for any volume changes incurred the 
normalization step. Finally, all images were smoothed using a 4 mm FWHM (full-width at half 
maximum) Gaussian kernel (Kühn, Romanowski, Schubert, & Gallinat, 2012). Scans for both 
groups, in addition to the covariates of no interest, which included de-meaned values of age, total 
intracranial volume (TIV; the sum of total GM, WM and CSF), IQ and sex (not centered), were 
entered into a general linear model (GLM) in SPM12. For any given statistical comparison, two 
group comparisons (contrasts) were tested: TS group > CS group and CS group > TS group. 
Linear regression analyses were also conducted to investigate positive and negative linear 
relationships between our covariates of interest (i.e., clinical scores) and cerebellar GM volume 
values. All corresponding statistical t-maps were thresholded and initially explored at a p < 0.001 
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uncorrected cluster forming peak-level threshold. The spmT maps were then corrected for 
multiple comparison using the ‘Non-stationary cluster extent correction’ in CAT12 (Hayasaka, 
Phan, Liberzon, Worsley, & Nichols, 2004; Worsley, Andermann, Koulis, MacDonald, & Evans, 
1999) since VBM violates the assumption of non-isotropic smoothness of the data. T-maps 
generated from group comparisons and regression analyses of cerebellar GM volume was 
displayed on flatmaps for better visualization (Diedrichsen & Zotow, 2015). Labelling of significant 
clusters was accomplished using the thresholded t-maps as overlay on the SUIT atlas in MRIcron. 
3.3. Structural covariance 
For the structural covariance analysis, all high-quality re-oriented images prior to the cerebellar 
isolation step (described above) were entered into CAT12 using the ‘Segment data’ module and 
the default settings. Precisely, the images were (i) bias and noise-corrected using the Spatially 
Adaptive Non-Local Means (SANLM) tool (ii) segmented into tissue types (GM, WM and CSF), 
(iii) spatially normalised to a template in MNI space using DARTEL and affine registration 
(Ashburner, 2007), (iv) modulated, (v) smoothed using an 8 mm FWHM Gaussian kernel, and (vi) 
corrected for covariates of no interest (age, IQ, sex and TIV) as outlined above. Then, using the 
segmented whole-brain GM maps and a ‘seed-to-voxel' approach, we computed the structural 
covariance between the mean GM values for voxels within the Crus I region of the cerebellum 
(seed) and the GM values for all other voxels in the GM maps. This analysis yielded a covariance 
map for each group in which the value at each voxel reflected a z-score of covariance between 
the mean GM value for the seed region and GM value at that particular voxel following a Fisher’s 
r-to-Z transformation: 
(1) z1 = 0.5 * log([(1 + r1)/(1 - r1)]); 
(2) z2 = 0.5 * log([(1 + r2)/(1 - r2)]);  
Where ‘r1’ and ‘r2’ represent the cross-subject Pearson correlation coefficient. The whole-brain 
correlation maps for each group were then statistically compared at group-level using the Z-
statistic: 
(3) Z = (z1 – z2) / [1/(n1 - 3) + 1/(n2 - 3)]^0.5; 
Where ‘n1’ and ‘n2’ are the total number of participants in the CS and TS groups, respectively. 
The computed Z-maps were then corrected for multiple comparisons using FDR [p-FDR < 0.05]  
(Benjamini & Hochberg, 1995) and a cluster threshold of ≥ 100 contiguous voxels was applied. 
We applied an extent threshold for two reasons; first, Z-maps are corrected for multiple 
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comparisons at each voxel, and second, an extent threshold of 100 voxels simplified the reporting 
and interpretation of the SCN results, as well as allowing greater specificity of the relationships 
between our seed and clusters (see for example Li et al., 2019).  
4. Results 
4.1. Group characteristics 
The quality control investigation of the preprocessed images provided an overall good image 
quality for majority of the participants. In total, 12 participants were excluded before the final 
analysis, 1 from the CS group (final N = 36) and 11 from the TS group (final N = 28). One patient 
with TS was excluded due learning, memory and sight deficits and 2 were excluded due to 
technical (scanner) error. A further 9 participants were excluded due to excessive image noise or 
motion artefact (based on the retrospective QA): 1 participant from the CS group and 8 from the 
TS group. Demographic details of the final sample included in the analyses are shown in Table 1 
and Figure 2. Briefly, the groups in the final sample were of statistically comparable in age (t(62) 
= -0.28, p = 0.78, age range 9.7 – 22.7 years) however, the CS group had a significantly greater 
TIV (t(62) = 2.81, p = 0.007). Importantly, however, the groups demonstrated comparable total 
volume of the cerebellar cortex (t(62) = 1.77, p = 0.08). The TS group had lower recorded IQ 
measured using the WASI (t(62) = 2.21, p = 0.03) but it should be noted that both groups exhibited 
above-average mean IQ scores. 
 
Table 1. Summary of group characteristics. Values are displayed as mean (± 1SD). 
 Group CS (n = 36) Group TS (n = 28) t/χ2 
Age 14.4 ± 3.2 14.6 ± 3.4 -0.28 
Sex (M:F) 33:3 25:3 0.11 
WASI 118.6 ± 12.3 111.4 ± 13.9 2.21* 
TIV 1640.9 ± 158.7 mL 1545.0 ± 97.2 mL 2.81** 
Cerebellar volume 117.6 ± 11.1 mL 113.2 ± 7.9 mL 1.77 
PUTS scale - 20.2 ± 6.8 - 
Global YGTSS scale - 33.9 ± 19.3 - 
Impairment sub-scale - 11.3 ± 9.6  
Yale motor tic sub-scale - 12.9 ± 5.3 - 
Yale vocal tic sub-scale - 10.0 ± 6.7 - 







Figure 2. Comparison of key group characteristics, age, WASI (IQ), TIV and cerebellar volume. 
Each datapoint represents a single subject (red: CS group, blue: TS group). Dark grey box = 
95% SEM, light grey box = SD, black line = group mean. *p < 0.05; **p < 0.01. 
 
4.2. Group comparison of cerebellar cortex 
Statistical comparison of cerebellar GM volume between the two groups yielded significant 
findings which are summarised in Table 2 and displayed in Figure 3 (which shows the significant 
clusters along with average individual datapoints extracted from the clusters). In brief, the contrast 
TS group < CS group revealed a reduction of GM volume in cerebellar lobule VIIIa in the right 
hemisphere and Crus I in the left hemisphere following cluster extent correction. No other cluster 
survived this stringent correction for multiple comparison, whereas 2 other clusters were observed 
at the initial cluster-forming uncorrected p < 0.001 thresholds (i.e., left cerebellar lobules VIIb and 
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VIIIa). The contrast of TS group > CS group returned no statistically significant results (at 
uncorrected p < 0.001 threshold). 
 
Table 2. The table displays results from our VBM cerebellar GM volume comparison. Clusters were initially 
formed at a peak-level p < 0.001 threshold and subsequently corrected for multiple comparison using a 
cluster correction within the CAT12 toolbox.  
Cluster Anatomical label MNI #voxels Peak t-value p-uncorrected 
1 R Lobule VIIIa 6 -70 -47 49 4.56 < 0.001 




Figure 3. Region showing reduced GM volume in the TS group in comparison to the CS group. The SPM 
t-map (thresholded at p<0.001) is projected on to a flatmap (right) with individual data points (i.e., extracted 
as average from each subject within each significant cluster) shown on the left. The colorbar shows the t-
statistic. 
4.3. Correlation analysis: GM volume and clinical scores 
We also conducted a correlation analysis, assessing the relationship between GM values within 
our cerebellar ROIs and: the PUTS scores; Yale motor and Yale vocal tic subscales; and the Yale 
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Global Tic Severity scale (global YGTSS). Results are presented in Figure 4 and further outlined 
in Table 3. In brief, our investigation of positive association between cerebellar GM volume and 
PUTS scores demonstrated a significant cluster located in the right cerebellar lobule VI following 
cluster extent correction. No statistically significant clusters were found for the opposite contrast 
(negative association). By contrast, we found a statistically significant negative association 
between the Yale motor tic subscale score and cerebellar GM volume in the left cerebellar lobule 
VI (at p < 0.001, MNI: -16 -61 -13), whereas no positive relationship was found. This cluster did, 
however, not survive a cluster correction. Similarly, no relationship was found between local 
cerebellar GM volume and Yale Vocal Tic subscale or global scores (all p > 0.001). 
 
Table 3. The table lists MNI coordinates and anatomical labels of regions showing statistically significant, 
positive relationship with PUTS scores. 
Cluster Anatomical label MNI #voxels Peak t-value p-uncorrected 




Figure 4. A region showing correlation between PUTS and GM volume in the cerebellum in patients located 
in the right cerebellar lobule VI. SPM t-map (thresholded at p < 0.001) is projected on to a flatmap. The 
colorbar shows the t-statistic. 
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4.4. Structural covariance 
Our ‘seed-to-voxel' structural covariance analysis with Crus I as our seed showed widespread 
structural covariance with several regions for both groups. Note, for completeness we investigated 
‘seed-to-voxel’ covariance maps for all ROIs depicted in Figure 1 and this resulted in near identical 
maps for both groups but are not shown or discussed in the present study for brevity. 
For the TS group specifically, the Crus I seed showed statistically significant (p < 0.05 FDR-
corrected) positive GM volume correlations with several areas including the subgenual anterior 
cingulate cortex (sACC), posterior-medial frontal cortex (pMFC; [SMA]), precentral and 
postcentral gyri, mid-cingulate cortex (MCC) and middle frontal gyrus and statistically significant 
negative correlations with the precuneus and putamen. By contrast, the CS group showed 
statistically significant (p < 0.05 FDR-corrected) positive GM volume correlations with the 
thalamus (somatosensory and parietal sub-regions), cuneus and area TE 3 (superior temporal 
gyrus) as well as a statistically significant negative correlation with the ACC, precentral and 
postcentral gyri, inferior frontal gyrus (pars opercularis) and middle frontal gyrus. Group specific 
results are displayed in Figure 5 and further detailed in Tables 4 and 5. 
 
Table 4. Anatomical regions showing positive (+) or negative (-) structural covariance with our Crus I seed 
in the TS group. All clusters are thresholded at p-FDR < 0.05 at voxel-level and cluster size ≥ 100 voxels. 
Structural covariance – Group CS+ contrast 
Cluster Anatomical label MNI #voxels Peak z-value 
1 Cerebellum Crus I -31 -71 -29 11,394 0.92 
 Cerebellum Crus I 37 -63 -35   
 L Cerebelum VI -29 -55 -29   
 L Cerebelum VIII -15 -67 -39   
2 Postcentral gyrus 29 -43 61 267 0.56 
 Superior parietal lobule (Area 5L [SPL]) 17 -45 63   
3 Thalamus (Somatosensory) -25 -19 11 169 0.58 
 Thalamus (Parietal) -27 -23 7   
4 Cuneus 23 -69 25 132 0.52 
5 Superior temporal gyrus (Area TE 3) 63 -9 3 104 0.51 
 
Structural covariance – Group CS- contrast   
1 Superior medial gyrus -11 39 31 786  0.57 
 ACC 15 45 15   
 Mid orbital gyrus -9 47 -11   
 ACC -3 43 19   
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2 Middle occipital gyrus (Area PGp [IPL]) -39 -71 29 557 0.49 
3 Fusiform gyrus 23 17 -31 420 0.47 
 Medial temporal pole 33 13 -35   
4 Precentral gyrus 45 7 31 322 0.50 
 Inferior frontal gyrus (p. Opercularis) 41 11 25   
5 Precentral gyrus -29 7 37 228 0.55 
 Inferior frontal gyrus (p. Opercularis) -37 3 29   
6 Rectal gyrus 5 37 -27 218 0.50 
 Middle orbital gyrus 9 33 -13   
7 Postcentral gyrus -25 -39 73 184 0.58 
8 Precentral gyrus 49 -9 59 180 0.51 
9 Middle frontal gyrus 33 49 7 129 0.53 
 Superior frontal gyrus 33 59 11   
10 Superior medial gyrus 11 63 27   
11 Postcentral gyrus 67 -15 19 110 0.51 
12 Precentral gyrus -27 -15 57 104 0.52 
 
Table 5. Anatomical regions showing positive (+) or negative (-) structural covariance with our Crus I seed 
in the CS group. All clusters are thresholded at p-FDR < 0.05 at voxel-level and cluster size ≥ 100 voxels. 
Structural covariance – Group TS+ contrast 
Cluster Anatomical label   MNI #voxels Peak z-value 
1 Cerebellum Crus 1 33 -71 -27 20,159 0.93 
 Cerebellum Crus 1 -35 -75 -33   
 Cerebellum lobule IX -7 -51 -37   
2 Subgenual ACC (sACC) -3 21 -13 1,928 0.68 
 ACC -9 29 -7   
 Area 33 (part of sACC) -1 13 -5   
 Thalamus (temporal) -3 -13 1   
 Thalamus (prefrontal) 11 -19 1   
3 Posterior-medial frontal cortex (pMFC [SMA]) -3 -13 55 1090 0.57 
 Area 4a (M1 sub-region) 5 -25 51   
 Paracentral lobule 9 -31 57   
 Precuneus 3 -41 57   
 MCC 9 -39 49   
 MCC -7 -25 47   
4 Precentral gyrus -53 5 45 798 0.67 
 Postcentral gyrus -53 -3 39   
 Rolandic operculum -63 1 11   
5 Superior temporal gyrus (STG) 53 -17 -3 679 0.53 
6 Hippocampus 19 -3 -25 565 0.53 
 Amygdala 33 -1 -21   
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7 Superior medial gyrus  -7 57 33 528 0.64 
 Superior frontal gyrus -23 45 45   
8 Middle frontal gyrus 34 57 31 438 0.54 
9 Inferior parietal lobule 39 -51 55 285 0.50 
 Inferior parietal sulcus (hIP3) 35 -41 41   
10 Middle occipital gyrus 31 -69 31 246 0.51 
11 pMFC/SMA -3 15 53 227 0.48 
12 Supramarginal gyrus 69 -15 25 225 0.46 
 Postcentral gyrus 61 -11 25   
13 Inferior parietal lobule (hIP2) -43 -47 47   
14 Superior frontal gyrus 25 35 47 144 0.47 
15 Middle temporal gyrus -61 -13 -19 143 0.47 
 
Structural covariance – Group TS- contrast 
1 Precuneus -11 -63 39 979 0.63 
 Cuneus 13 -63 21   
 Precuneus 15 -51 23   
2 Superior occipital gyrus (Area hOc4d) -17 -89 23 359 0.59 
 Cuneus -3 -97 27   
 Calcarine gyrus (hOc1) 3 -97 -1   
3 Putamen 31 -3 13 182 0.50 





Figure 5. The figure displays results from the analysis of group specific structural covariance networks 
using a seed-to-voxel approach, with the Crus I as a seed. Left: CS group results; Right: TS group 
results. Warm (red-yellow) colours demonstrate increased structural covariance, whereas cold (blue-pink) 
colors demonstrate reduced covariance with our seed. The figure was created using the CONN v18a 
toolbox (https://web.conn-toolbox.org/). 
The TS group > CS group contrast revealed that greater GM volume covariance with the seed 
region in the cerebellum lobule VI, precentral and postcentral gyri, MCC and subgenual ACC. By 
contrast, the TS group < CS group contrast demonstrated reduced GM volume covariance in a 
cluster encompassing the calcarine gyrus and precuneus in the right hemisphere. Results are 




Figure 6. The figure shows results of our between group comparison of structural covariance networks 
using a seed-to-voxel approach with Crus I as a seed. Warm colors indicate clusters where structural 
covariance was greater in the TS group (p-FDR < 0.05). By contrast, cold colors indicate clusters where 
covariance was reduced in the TS group (p-FDR < 0.05). 
Table 6. The table details anatomical areas showing significant statistical difference of greater or reduced 
structural covariance in patients with TS with the Crus I as a seed. All clusters are thresholded at p-FDR < 
0.05 at voxel level and cluster size ≥ 100 voxels. 
Structural covariance – TS group > CS group contrast 
Cluster Anatomical label MNI #voxels Peak z-value 
1 Area s32 (superior rostral gyrus) -3 21 -13 3770 3.95 
 Superior medial gyrus -3 59 33   
 Area s24 (subgenual ACC) -3 15 -5   
 ACC 13 37 7   
 Mid orbital gyrus -3 33 -9   
2 Cerebellum lobule VI 41 -37 -29 979 3.62 
 Hippocampus (CA1) 29 -43 -1   
 Fusiform gyrus (FG4) 51 -47 -27   
 Fusiform gyrus (FG3) 31 -53 -1   
3 Middle temporal gyrus (MTG) 57 -7 -15 745 3.35 
 Area TE 3 (superior temporal gyrus) 63 -15 -7   
 Middle frontal gyrus 53 -27 -7   
4 Precentral gyrus -53 5 45 695 4.18 
 Precentral gyrus -55 -3 41   
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 Postcentral gyrus -65 -9 21   
5 Middle frontal gyrus 31 49 39 517 3.15 
 Middle frontal gyrus 33 49 17   
6 Posterior-medial frontal cortex (pMFC) -9 -17 53 447 3.57 
 Middle cingulate cortex (MCC) -3 -23 47   
7 Postcentral gyrus 69 -15 25 436 3.67 
 Supramarginal gyrus 59 -25 43   
8 Precentral gyrus 55 7 45 430 2.94 
 Inferior frontal gyrus (IFG) 55 13 35   
 Postcentral gyrus 61 -5 39   
9 Parahippocampal gyrus -15 3 -19 296 3.47 
 Temporal pole -29 7 -21   
 Amygdala -29 -3 -21   
10 Middle temporal gyrus (MTG) -51 -25 1 231 2.50 
 Middle temporal gyrus (MTG) -47 -29 -7   
 
Structural covariance – TS group < CS group contrast 
1 Calcarine gyrus 21 -65 23 548 3.24 
 Precuneus 17 -59 25   
 
5. Discussion 
The primary aim of our study was to investigate whether there were alterations in the structure of 
areas of the cerebellar cortex targeted a priori in a relatively large group of young adults with TS 
compared to a matched group typically developing volunteers, and further to examine whether 
there were between-group differences in the structural covariance networks linked to the Crus 1 
cerebellar region. 
We demonstrated reduced GM volume in the cerebellar lobule Crus I (an area playing a putative 
role in executive functions) and lobule VIIIa (playing a role in sensorimotor processing) in patients 
with TS relative to controls when applying our a priori chosen ROI cerebellar mask (Buckner et 
al., 2011; Stoodley & Schmahmann, 2009, 2010). Furthermore, we identified increased GM 
structural covariance between our Crus I seed region and sensorimotor and frontal cortex areas, 
MCC and cerebellar lobule VI, as well as reduced covariance with an area encompassing the 
calcarine gyrus and precuneus. 
5.1. Reduced GM volume of several cerebellar areas in TS 
Our ROI voxel-wise comparison highlighted several areas of the cerebellum demonstrating GM 
reduction in patients in comparison with our age- and sex-matched group of healthy volunteer at 
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uncorrected statistical thresholds. Following a cluster extent correction for multiple comparisons 
we identified regional reduction of GM volume in cerebellar Crus I and lobule VIIIa in the TS group 
(Table 2 and Figure 3). This is somewhat consistent with previous findings (Tobe et al., 2010) 
where reduced bilateral GM portions of the Crus I, in addition to lobules VI and VIIb were reported. 
Reciprocal connections of lobules VI, VIIb and VIIIa with the primary motor cortex have been 
demonstrated in non-human primates (R. M. Kelly & Strick, 2003), and in humans functional 
neuroimaging studies show that lobule VIIb may play an important role in executive function 
(Stoodley & Schmahmann, 2009). Lobule VIIIa is activated during motor tasks such as finger 
tapping (Stoodley & Schmahmann, 2009; Stoodley, Valera, & Schmahmann, 2012) and 
cutaneous tactile stimulation on the hand and foot (Bushara et al., 2001). This is particularly 
interesting since patients with TS often report extreme irritation due to the sensation generated 
by external stimuli, but in the absence of any alterations in sensory thresholds (Belluscio, Jin, 
Watters, Lee, & Hallett, 2011). The authors suggest that perceived hypersensitivity is due to 
dysfunctional central processing mechanisms and our results of reduced GM volume in lobule 
VIIIa are not inconsistent with this proposal. Reciprocal connections between cerebellum and 
cortex might play an instrumental role in modulating somatosensation, and alterations in 
cerebellar structure/function may lead to hypersensitivity and the amplified response to sensory 
input (Koziol, Budding, & Chidekel, 2011; Ramnani, 2006). Further evidence for the role of the 
cerebellum in sensory sensitivity is demonstrated by children with agenesis of the cerebellum, 
who exhibit atypical behavioural and emotional response to external sensory input (Koziol et al., 
2011).  
In our sample of patients with TS, the majority demonstrated symptoms associated with comorbid 
conditions. In contrast to the study reported by Tobe, et al. (2010), we did not make any TS-
related sub-group comparisons of cerebellar GM volume since data from these clinical measures 
was not collected for all participants, and such analyses would be significantly reduced in 
statistical power. In their study, Tobe, et al. (2010) compared subgroups of TS+OCD with TS only 
and found that the differences overlapped with results observed when comparing TS with healthy 
volunteers but in the opposite direction. That is, local increases of GM volume were observed in 
lobules VI, VIIb and VIIIa and Crus I. Furthermore, greater hypertrophy was related to OCD 
disease-related severity (Tobe et al., 2010). In comparison to studies conducted in other clinical 
samples, we observed some overlap of common cerebellar regions. For example, in children with 
ASD, D’Mello and colleagues (2015) reported reduced Crus I volume in patients, while bilateral 
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volume of lobule VI and left Crus I has been demonstrated in medication-naïve adult patients with 
OCD (Narayanaswamy et al., 2016), where both studies utilized the SUIT atlas. It is therefore 
possible, based on these studies that reduced volume of Crus I could be related to OCD or ASD 
in our sample, whereas reduced volume of lobules VIIb (observed at uncorrected p < 0.001 only) 
and VIIIa could be specific to TS. Interestingly, however, increases in TS-related patterns of 
metabolic activity are observed at rest in cerebellar lobules IV-VI, whereas this pattern is not 
observed in patients with TS expressing OCD-related symptoms (Pourfar et al., 2011). 
5.2. Clinical scores correlate with cerebellar lobule VI 
In our analyses we identified two homotopic areas of the cerebellum correlating with clinical 
measures used in our study (see Figure 4 and Table 3). First, the right lobule VI correlated 
positively with the PUTS scale. Secondly, the left lobule VI correlated negatively with motor tic 
scores (observed at uncorrected p < 0.001 only). That is, increased motor tic severity was 
associated with reduced GM volume within lobule VI. We did not observe any significant 
correlation between global YGTSS score (measuring the global impact of tic symptoms) and GM 
volume in our cerebellar ROIs. We were also not able to replicate the results of Tobe, et al. (2010), 
who reported a correlation with the Yale vocal tic scale and GM volume reduction in the Crus I 
and lobule VI. 
In a meta-analysis of cerebellar lobule function, executive function tasks are associated with 
increased activity in the left lobule VI, while the homologous area on the right seems to play a role 
in language and working memory (Stoodley & Schmahmann, 2009). Furthermore, lobule VI is 
functionally related to the somatosensory cerebral network (Buckner et al., 2011; Habas et al., 
2009). In TS, metabolic demand increases in lobule VI during tic release (Lerner et al., 2007). Our 
results from the group comparison provide support for the conclusions drawn by Lerner et al. 
(2007) who suggested that lobules VI, VIIb and Crus I are involved in tic pathophysiology. We did 
not identify any volume-related differences in patients relative to controls in lobule VI, and this 
suggests that GM volume varies only with motor tic or PSP frequency and severity, rather than 
simply having TS.  
The cerebellum is believed to construct internal models (i.e., inverse and forward models), which 
estimate the dynamic and sensory consequences of a desired action (Wolpert, Miall, & Kawato, 
1998). Reduced GM volume in the cerebellum might therefore be related to the difficulty in TS to 
construct precise internal models since patients have difficulty relying on sensory feedback. This 
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notion is supported by a recent study by Kim and colleagues (Kim, Jackson, Dyke, & Jackson, 
2019) who employed a double-step (reaching towards a target and returning back to starting 
point) aiming task using a hand-held robot manipulandum and demonstrated that individuals with 
TS showed particular dysfunction in forward model estimation. 
5.3. Structural covariance 
In addition to our VBM approach, we investigated structural covariance networks using a ‘seed-
to-voxel approach, with Crus I as our seed region (see Figure 5 for within group results and Figure 
6 for between group results). Crus I is thought to be linked to executive control and shows strong 
intrinsic functional connectivity with the associative territory of the striatum and the dorsolateral 
prefrontal cortex (Buckner et al., 2011; Habas et al., 2009). The executive control network is 
critical for processing information which is important for the preparation for action (Bostan & Strick, 
2018). As outlined earlier, correspondence between structural covariance networks and intrinsic 
functional connectivity networks has been demonstrated in several previous studies (Clos, 
Rottschy, Laird, Fox, & Eickhoff, 2014; Seeley et al., 2009). Precisely, these studies when 
employing resting-state or task-based functional MRI in addition to structural covariance using a 
common area as a seed have shown that connectivity of the seed overlaps significantly between 
methods and is connected to common networks (Cauda et al., 2018; Clos et al., 2014; Seeley et 
al., 2009). Furthermore, recent evidence indicates that structural covariance networks may be 
selectively vulnerable to specific brain health conditions (Cauda et al., 2018; Seeley et al., 2009). 
We observed stronger structural covariance between the cerebellar Crus I area and sACC and 
MCC (the cingulate motor area), bilateral precentral and postcentral gyri, cerebellar lobule VI, and 
posterior-medial frontal cortex (i.e., SMA) in individuals with TS (see Figure 6). Further, detailed 
analysis employing multi-modal framework, combining intrinsic functional connectivity and white 
matter structural connectivity would clarify these results, which show greater covariance between 
Crus I and the sensorimotor (primary motor and sensory cortices and SMA) and mid-cingulate 
cortices. Previous volumetric studies of TS have demonstrated reduced GM volume or thickness 
of the sensorimotor network in young patients with TS (Draper, Jackson, Morgan, & Jackson, 
2015; Sowell et al., 2008).  
By contrast, we observed reduced structural covariance between Crus I and a cluster 
encompassing the calcarine gyrus and precuneus in individuals with TS. The precuneus is a 
critical hub of the default mode network while also playing an important role in the sense of agency 
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- defined as the sensation of being in control of your actions and their consequences (Farrer et 
al., 2003). These results are consistent with the proposal that TS is characterized by impaired 
agency (Delorme et al., 2016)  
The involvement of the striatal-thalamic networks in tic genesis and execution has been 
consistently demonstrated in neuroimaging studies. Specifically, immediately prior to tic onset 
there is a rise in the fMRI BOLD response in both the putamen and thalamus, as well in the 
cerebellum (Bohlhalter et al., 2006; Neuner et al., 2014). In both groups we find strong positive 
covariance between Crus I seed and thalamus, and a negative covariance with the putamen in 
the TS group only. Animal and computational modelling studies lend further credence to the 
proposal that basal ganglia and cerebellum networks interact to generate tics (Caligiore, 
Mannella, Arbib, & Baldassarre, 2017; McCairn et al., 2013). 
5.4. Limitations & remarks 
First, we recognize that our sample is smaller than that reported by Tobe, et al. (2010) who 
investigated image acquisitions from 310 individuals of which 163 had TS. Nonetheless, the age 
range in that study was from 6 to 60 years. As such, we can comfortably say that our study is the 
largest to date investigating the cerebellar cortex in young (9.7 – 22.7 years) patients with TS and 
healthy volunteers. We also recognise that the limited availability of information on medication 
and comorbidities from all patients taking part in our study is a limitation particularly when studying 
a heterogeneous sample of participants. While we have controlled for several variables such as 
age, sex, IQ and intracranial volume in our analyses we are not able to provide experimental 
control of medication dosage or comorbidities, and we interpret our results with this in mind. 
Studies with larger sample sizes might be able to take these aspects into consideration, 
particularly since comorbid disorders form a critical aspect of the spectrum of symptoms observed 
in TS. 
Another potential limitation is the clinical characteristics of our TS sample who included individuals 
with relatively mild tics. Scores for our TS sample had a mean global YGTSS score of 33. 
Consequently, it is possible that more severely affected patients might have presented with 
increased structural alterations within the cerebellum. For this reason, we do interpret any null 
findings or failure to replicate the Tobe et al., (2010) study with caution. Furthermore, patients 
with greater severity of tics might be excluded due to excessive motion, rendering their images 
unusable. Head motion during structural MRI acquisition can induce bias in morphometric 
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analyses. In particular, reduced GM volume has been shown to be influenced by greater head 
motion (Reuter et al., 2015). Exclusion of images based on visual quality check solely might not 
be sufficient to prevent this bias (Reuter et al., 2015). Accordingly, we adopted a stringent 
exclusion criteria while basing our image quality investigation on CAT12 retrospective QA tool in 
addition to visual checks resulting in exclusion of 9 participants. To further validate our findings, 
we analysed the results of other cerebellar ROIs as seed regions for our analysis (e.g., lobules VI 
and VIIIa). This resulted in near identical correlational maps for both groups (data not shown) and 
for brevity these data are not reported here. 
We recognise that we have taken two separate approaches in our analyses (VBM and SCN) to 
correct our statistical results for multiple testing. Discussion on different multiple testing methods 
in neuroimaging is beyond the scope of this study, but we would like to emphasise that in both 
cases we opted not to correct our data with a FWE-correction (e.g., Gaussian random-field theory) 
since this has been shown to be invalid in settings under non-stationarity (Silver, Montana, & 
Nichols, 2011). Since structural covariance maps were assessed by correlation between the 
average GM volume within our seed and every other voxel in the brain we opted to correct our 
resulting Z maps with an FDR correction at voxel-level and restrict results large clusters to allow 
for greater spatial specificity. By contrast, we opted for a cluster-extent correction in our VBM 
analyses while accounting for the non-stationary (i.e., non-uniform) smoothness in the data 
(Ashburner & Friston, 2000; Hayasaka et al., 2004). Employing two different correction methods, 
in addition to differences in smoothing kernels between the methods was a judicious decision but 
can be seen as a limitation in our study. The focus of the current study prevents us from exploring 
this potential limitation further. 
Finally, throughout this paper we have assumed that structural covariance networks (SCNs) 
closely mirror the intrinsic connectivity networks (ICNs) measured and robustly demonstrated 
using resting-state fMRI. This assumption is based upon a number of studies, referred to above, 
that have directly compared seed-based SCNs and ICNs. However, given that our study 
investigates SCNs in adolescents and young adults with TS – a period during which the brain is 
known to undergo considerable maturation – it is possible that during this period there could be 
differences in the maturation of structural and functional brain networks, and that these may be 
exacerbated by the presence of TS. For this reason, and as we have not directly measured 
functional brain connectivity in this study, we advocate caution in drawing strong conclusions 




Classic theories dictate that the pathophysiology of TS is the result of altered function and 
structure of several, overlapping cortico-striatal networks. Recent evidence seems to suggest that 
the cerebellum might play an important role in tic symptomology. In this study, we employed a 
cerebellar specific template (SUIT) and measured GM volume in young people with TS and 
matched healthy volunteers. Our results seem to suggest reduced GM volume of several 
cerebellar lobule which play a pivotal role in sensorimotor and executive function. Furthermore, 
we showed altered covariance of the cerebellar Crus I seed with sensorimotor, parietal and basal 
ganglia regions of the cerebral cortex in patients. Our results provide further evidence for the idea 
that cerebellar-basal ganglia-cortical networks play a prominent role in TS. We urge further 
studies to explore functional and structural connectivity of the cerebellum in patients with TS. 
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